We experimentally measure optical squeezing at multiple longitudinal modes of an optical parametric amplifier. We present data up to 5.1 GHz that shows the magnitude of the squeezing is greater than observable at baseband.
Introduction
There have been numerous proposals for future technologies based on the unique properties of isolated quantum systems. These include quantum key distribution [1] , ultra-high precision sensing [2] and even quantum computers [3] . In real applications the functional specifications that emerge are low noise, high bandwidth and the ability to encode information into multiple degrees of freedom. Since quantum optics promises to meet these specifications, it is seen as a strong contender as the platform for a number of these quantum technologies.
Key resources required by quantum optical systems are non-classical states of light, which are commonly generated via non-linear optical processes. One such process is parametric down conversion (PDC), in which a high energy pump photon is converted into two lower energy photons, via a second order nonlinear interaction. PDC is the underlying nonlinear process in optical parametric amplifiers (OPA), devices that are widely used in quantum optics experiments as sources of entangled photon pairs in discrete variable systems and as sources of squeezing in continuous variable systems [4] . Entangled photon pairs exhibit stronger than classical correlations, and squeezed light exhibits noise fluctuations that are smaller than the quantum noise limit (QNL).
Recent theoretical predictions suggest that squeezed states exist at all higher order longitudinal and transverse modes of a sub-threshold OPA [5] . In this paper we report the observation of squeezing spectra in four longitudinal cavity modes: baseband; 1.7GHz; 3.4GHz; and 5.1GHz; and in two transverse modes: the TEM 00 and TEM 10 .
Experimental Setup
Squeezed light is produced using an OPA operating below threshold. The OPA is pumped with 532nm light from a frequency-doubled diode-pumped Nd:YAG laser operating at 1064nm. The OPA crystal has dimensions 2x2.5x6.5mm 3 and is made from bulk LiNbO 3 which is 7% doped with MgO and phase-matched at 60 o C. The OPA cavity is linear and is formed by the rear surface of the crystal (radius of curvature = 8mm, high reflector at 532nm, R=99.9% at 1064nm) and an external mirror (radius of curvature=75mm, R=13% at 532 nm and R=96% at 1064nm). The front surface of the crystal has a radius of curvature of 8mm and is anti-reflection coated at both 1064nm and 532nm. The optical path length of the OPA cavity is approximately 90mm giving an FSR of 1.7GHz.
The OPA is seeded with either a TEM 00 or TEM 10 mode at 1064nm, with oscillation threshold at 200mW and 350mW pump power respectively. The system is operated as a de-amplifier with gains of 0.3 and 0.45 for the TEM 00 and TEM 10 modes respectively. Due to the fact that the system is operating in de-amplification mode lower gain values produce greater de-amplification. When operated as a squeezer, the OPA is seeded with 5 mW incident on the greater than 99.9% reflecting surface.
The squeezed light was detected on a single detector after being interfered with a strong local oscillator on a 90/10 beamsplitter, resulting in 90% of the squeezed light and 10% of the local oscillator light reaching the detector. The local oscillator power after the 90/10 beamsplitter was 7mW for TEM 00 , and 4.2mW for TEM 10 . The quantum noise level calibration was achieved by direct measurement of the local oscillator at the appropriate photocurrent.
Two different detectors were used to make the measurements. For baseband measurements, photodetectors have been developed in-house using lumped element design methods with readily available photodiodes and electronic components. In particular, the baseband squeezing measurements were taken using a 500µm diameter InGaAs photodiode with quantum efficiency of more than 95% using an AD829 amplifier in transimpedance mode. This detector had greater than 10dB clearance between electronic noise and quantum noise from DC and 30MHz. Upper traces show frequency measurements and theoretical predictions over a 30MHz span at baseband, first, second and third FSR's; lower traces show zero span spectra as a function of sweeping the LO phase over a 2 second period. Zero span measurements are shown relative to the quantum noise level for the amplitude quadrature. B) TEM10 mode power spectrum of squeezing, normalized to the quantum noise limit.
Higher bandwidth photodetectors require consideration of transmission-line effects that otherwise limit the utility of the lumpedelement approach at microwave frequencies. In reference [6] we describe such a photodetector that consists of a reverse-biased InGaAs photodiode, a microwave bandwidth amplifier and an inter-connecting matching network. This matching network achieves a broad-band power match between the AC shot noise power developed by the photodiode and the amplifier's 50Ω input impedance. The photodetector is constructed as a microstrip circuit allowing close integration of the photodiode and associated bias circuitry, microstrip matching network and amplifier components. Careful management of technical noise sources and circuit layout achieved a quantum efficiency of more than 92% and approximately 3dB separation between electronic noise and quantum noise from 1.5GHz to approximately 6GHz. Figure 1 shows measurements of squeezing at baseband as well as the first, second and third FSRs of the OPA for both TEM 00 and TEM 10 . On average the observed TEM 00 squeezing at baseband is approximately 2.5dB and 3dB at the higher resonances. Similarly, the observed TEM 10 squeezing at baseband is approximately 2dB and 2.5dB at the higher resonances. Overlaid on the upper traces of these figures are theoretical predictions of the output spectra of the OPA cavity assuming that the seed is quantum noise limited in both quadratures and at all frequencies. The theory curves are based on observed physical values in the experiment. Note that the shape of the squeezing is dictated by the linewidth of the cavity and thus the profile of squeezing at higher FSRs is symmetric and the bandwidth is double compared to baseband.
Results
Intuitively, one would expect that the magnitude of the squeezing should be identical at all resonances. This intuition arises from the expectation that de-amplification should be identical at each cavity resonance, which is indeed observed experimentally. However, the input noise at baseband is very different to the input noise at higher frequencies and hence the output noise at baseband, which is simply de-amplified input noise, is very different to the output noise at higher frequencies. At low frequencies, laser noise and technical noise from the locking loops are dominant and act to corrupt the baseband squeezing. By contrast, the seed at the higher longitudinal modes is free of technical noise that is often present at baseband. It therefore follows that the squeezing is expected to be of the same magnitude at all higher resonances and stronger at higher resonances than at baseband. This is consistent with the observations and reinforced by noting the strong agreement between measurement and theory based on a QNL seed at higher resonances and the strong disagreement at baseband.
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